Abstract: We demonstrate a novel tracking controller formulation based on a linear timevarying Kalman filter to regulate amplitude and phase of a reference signal independently. The method is applicable to sinusoidal references such as spiral, cycloid and Lissajous trajectories which are commonly used for imaging in high-speed Atomic Force Microscopy (AFM). A Microelectromechanical Systems (MEMS) based nanopositioner, whose fundamental resonance frequency is dampened with an additional damping feedback loop, is employed. For a scan range of 2 µm, we demonstrate experimental tracking of sinusoids with frequencies as high as 5 kHz, well beyond the open-loop fundamental resonance, with a tracking error of only 4.6 nm.
INTRODUCTION
Nanopositioning systems have established themselves as the central precision mechatronic systems enabling the steady growth of nanotechnology over the past three decades (Devasia et al., 2007) . They are situated at the heart of a variety of instruments for manipulation and interrogation at the nanoscale, such as the atomic force microscope (AFM) (Binnig et al., 1986) , scanning tunneling microscope (STM) (Binnig and Rohrer, 1983) and scanning lithography systems (Gentili et al., 1994) .
Due to their simplicity and cost, piezoelectric tube scanners remain the most commonly employed nanopositioners in a commercial AFM setup but are severely limited in bandwidth due to low fundamental resonance frequencies and cross-coupling between the axes (Yong et al., 2012) . These limitations are circumvented by using flexure-guided nanopositioners (Schitter et al., 2008) allowing for very high bandwidths up to video-rate imaging (Ando et al., 2008; Yong et al., 2014) . However, the systematic miniaturization of the scanning stage using microelectromechanical systems (MEMS) has attracted significant research interest due to their potential benefits including reduced footprints, high bandwidth and lower manufacturing costs for bulk fabrication (Chu and Gianchandani, 2003; Fowler et al., 2012; Maroufi et al., 2015b) .
A common property of nanopositioning devices is that they typically exhibit lightly damped resonance frequencies and nonlinearities in the actuators or sensors limiting the achievable bandwidth and positioning accuracy (Fleming and Leang, 2014) . Therefore, a number of damping and tracking controller schemes based on feedforward, feedback and combined approaches have been proposed in the literature; for a review see (Eielsen et al., 2014) . More recently, internal model controllers (IMCs) were presented, achieving high-precision tracking of sinusoidal references up to video-rate AFM imaging speeds (Bazaei et al., 2012; Yong et al., 2014; Bazaei et al., 2016) . However, a common draw-back of these approaches is that for each scan speed, the IMC controllers have to be re-designed, requiring significant expert knowledge in controller design from the AFM user.
In this work, we show how the tracking controller design is significantly simplified by employing a time-varying Kalman filter, which was previously developed for highspeed state estimation in dynamic mode AFM (Ruppert et al., 2016a,b,c) . Motivated by modulated-demodulated control (Karvinen and Moheimani, 2014) , we propose to regulate amplitude and phase of a sinusoidal reference signal independently with simple baseband PI controllers.
MEMS NANOPOSITIONER

Design
A 2-degrees of freedom (DOF) MEMS nanopositioner (Maroufi and Moheimani, 2016) is considered in order to investigate the controller performance. A scanning electron microscope (SEM) image of the device is shown in Fig. 1 , highlighting the main components in the close-up views.
The stage with dimensions of 1.8 mm × 1.8 mm is located at the center of the device. Electrostatic actuators are implemented on all sides of the nanopositioner to bidirectionally move the stage along the x and y axes via
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The stage with dimensions of 1.8 mm × 1.8 mm is located at the center of the device. Electrostatic actuators are implemented on all sides of the nanopositioner to bidirectionally move the stage along the x and y axes via Bazaei et al., 2014) . The sensing mechanism is realized by incorporating two pairs of 1 mm-long tilted beams in a V-shaped configuration (Maroufi et al., 2015a) . Due to the piezoresistivity of the silicon, the electrical resistance of the sensing beams varies oppositely with the displacement of the shuttle beam. A Wheatstone bridge in a half bridge configuration is used as the readout circuit, converting the resistance change of the piezoresistive pair to an output signal (Maroufi and Moheimani, 2016) . The device was realized using a standard silicon on insulator fabrication process (SOIMUMPs process by MEMSCap) using a 25 µm-thick mechanical device layer (Cowen et al., 2014) .
Characterization and Identification
As the proposed MEMS nanopositioner employs electrostatic actuators on both sides of each axis, a linear actuation mechanism is obtained by applying differential actuation signals superimposed by a 45 V DC bias to the electrostatic actuators on either sides (Maroufi and Moheimani, 2013) . This method linearizes the wellunderstood quadratic nonlinearity of the electrostatic ac- 
DAMPING CONTROL LOOP
The under-damped behavior of the device, which is evident from the frequency responses in Fig. 2 , can make the implementation of the tracking controller problematic. Consequently, we have designed and implemented a controller of the form
as a standard inner negative feedback loop according to Fig. 3(a) to augment damping to the system where k d = 5 and ω d = 88000 rad/s. To precisely incorporate C(s), an analog circuit is implemented as schematically shown in Fig. 3(b) . The selected damping controller has only two parameters and is hence easy to tune and simple to implement. As is clear from Fig. 2 , the controller significantly mitigates the nanopositioners resonant modes
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